In Baf-3 cells, IL-3 and IGF-1 both inhibit cell death. These growth factors act at least on two different pathways involved in the inhibition of apoptosis. They both upregulate Bcl-X at the mRNA and protein levels and also activate a pathway which inhibits apoptosis in the absence of protein synthesis. Recently, these two growth factors have been shown to activate the PI3-kinase-AKT pathway which leads to the phosphorylation of the pro-apoptotic Bcl-X L regulator Bad. In this study, we have investigated the role of PI3-kinase in the regulation of Bcl-X expression and in the survival of Baf-3 cells. We show that PI3-kinase activation is involved in the upregulation of Bcl-X mRNA induced by both IL-3 and IGF-1. Moreover, PI3-kinase activity is also necessary for inhibition of apoptosis and caspase regulation by IGF-1 but not IL-3.
Introduction
Apoptosis is a form of cell death which is regulated and executed by cellular proteins. It plays an essential role during embryonic development and in the establishment of functional nervous and immune systems. 1 It can also be triggered by various forms of stress or cell injury including those produced by most chemotherapeutic agents. 2 Three gene families are at the core of apoptosis regulation: the Bcl-2/Ced-9 family, the caspase/ICE/Ced-3 family and the Apaf-1/Ced-4 family. Since Ced-3 was found to be homologous to the mammalian cystein protease interleukine-1-converting enzyme (ICE), a family of at least 11 related cystein proteases have been identified. These proteins have now been renamed caspases. All of them cut their substrates after an aspartic acid and are synthesized as inactive proenzymes containing a prodomain and two enzyme subunits. Activation of these enzymes is dependent on their cleavage after an aspartic acid and results in the cleavage of critical cellular substrates. 3, 4 A number of apoptotic stimuli such as the binding of Fas to Fas-L have now been shown to activate a cascade of caspases.
5 ± 8 Inhibition of caspase activity inhibits apoptosis in some experimental systems but not others. 9, 10 However, in all systems the appearance of morphological changes associated with apoptosis is affected. Ced-4 and the newly identified Apaf-1 mammalian homologue form a new family of proteins. 11 Ced-4 interacts directly with Ced-3 and Ced-9 in vivo and it is functionally essential for the activation of Ced-3.
12,13 Similarly Apaf-1, regulates the activation of caspase-9.
14 ced-9 is homologous to the mammalian bcl-2 gene, which when overexpressed protects cells from apoptosis induced by a variety of stimuli. A large number of proteins homologous to Bcl-2 have now been identified. Functionally, they fall in two groups: proteins which inhibit apoptosis like Bcl-2 or Bcl-X and proteins which induce cell death like Bax, Bak or Bad. A number of recent findings have shed some light on some of the mechanisms by which these proteins may act (reviewed in 15 ). Bcl-2 and Bcl-X have been shown to form discrete ion channels in synthetic lipid membranes. 16, 17 This property may explain how these proteins participate in the regulation of some cellular events, such as the release of pro-apoptotic proteins from mitochondria, a process which is associated with the onset of apoptosis. 18, 19 Another important property of Bcl-2 family members is their ability to associate with a number of different proteins such as Raf or Ced-4. 13, 20 These interactions play an essential role in the regulation of apoptosis by Bcl-2 family members. For instance, the interaction of Bcl-X with Ced-4 or Apaf-1 seems to inhibit the activation of caspases.
Growth factors are essential for survival in a number of systems. They are thought to act by inhibiting the apoptotic machinery which is constitutively expressed in all cells. 1 IL-3 regulates a number of intracellular signal transduction pathways which are potentially involved in the inhibition of apoptosis. IL-3 binding to the IL-3 receptor activates PI3-kinase and the protein kinase AKT which have been shown to play a key role in the inhibition of apoptosis by growth factors such as IL-2 or NGF. 21, 22 One of the substrates of AKT is the pro-apoptotic protein Bad. 23 Upon phosphorylation Bad dissociates from Bcl-X L and this promotes Bcl-X L anti-apoptotic activity. IL-3 induces the phosphorylation of Bad and its release in the cytosol where it will bind the protein 14.3.3. 24 Hence activation of AKT by IL-3 could be the major pathway leading to apoptosis inhibition in Baf-3 cells. However, a number of other pathways activated by IL-3 could also contribute to the inhibition of apoptosis. These include STAT3, atypical PKC, the Ras-Raf-MAPK pathway and a pathway located downstream of Shc but which is different from the Ras pathway. 25 ± 29 The targets of these different signaling pathways as well as the mechanisms by which they inhibit apoptosis are still Cell Death and Differentiation (1999) 6, 290 ± 296 largely unknown. Some of these pathways such as Ras, MAPK, STAT3 and AKT upregulate the expression of the anti-apoptotic members of the Bcl-2 family of genes. 21, 26, 29 However, they could also regulate the anti-apoptotic activity of Bcl-2 family members by for example inducing their phosphorylation.
To determine if the pathways downstream of PI3-kinase activation are the only ones involved in the inhibition of apoptosis by IL-3 or IGF-1, we have measured the inhibition of apoptosis by these growth factors in the presence of PI3-kinase inhibitors. The involvement of PI3-kinase activation in the regulation of Bcl-X mRNA levels by these growth factors was also studied.
Results
Induction of Bcl-X by IL-3 or IGF-1 is dependent on PI3-kinase activation
We have previously shown that IL-3 and IGF-1 regulate the expression of the bcl-X gene at the RNA and protein level in Baf-3 cells. 29 To assess the role of PI3-kinase activation in the induction of Bcl-X by IL-3 and IGF-1, we have measured the induction of Bcl-X mRNA in the presence of the two widely used PI3-kinase inhibitors LY294002 and wortmannin. Baf-3 cells were grown in the absence of IL-3 for 6 h. Concentrations of IL-3 or IGF-1 which corresponded to maximum survival after 20 h in culture ( Figure  1 ) were then added in the presence or absence of PI3-kinase inhibitors and the induction of Bcl-X mRNA was measured after 2 h. These two time points correspond to the maximal reduction or increase in Bcl-X mRNA level following IL-3 removal or re-addition respectively. 29 Results presented in Figure 2 show that the induction of the Bcl-X mRNA by IL-3 or IGF-1 was inhibited by both inhibitors although the strongest effect was observed with LY294002. These results indicate that PI3-kinase activation is involved in the regulation of bcl-X gene expression by both IL-3 and IGF-1.
PI3-kinase activation is necessary for the induction of survival by IGF-1 but not IL-3
We have previously shown that IL-3 or IGF-1 addition to growth factors starved Baf-3 cells inhibits any further increase in the percentage of apoptotic cells. This process is rapid and independent of Bcl-X or other protein synthesis indicating some post-translational modifications. 29 In order to determine if PI3-kinase signals are responsible for protein synthesis independent survival of Baf-3 cells treated with IL-3 or IGF-1, we have measured cell survival induced by these growth factors in the presence of the PI3-kinase inhibitor LY294002. Data presented in Figure 3B show that in the presence of LY294002, the survival of Baf-3 cells induced by IGF-1 was reduced. Indeed more than 70% inhibition of IGF-1 induced Baf-3 survival was observed when 50 mM of LY294002 was used ( Figure 3C ). These results confirm that PI3-kinase activation is a major survival pathway activated by IGF-1. 30, 31 In contrast, the survival of Baf-3 (1 U/ml) or IGF-1 (300 ng/ml) in the presence of LY294002 (LY) or wortmannin (W). Cells were pre-incubated with LY294002 and wortmannin 15 min before addition of growth factors. After 2 h of restimulation, cells were lysed for RNA extraction. Ten mg of total RNA was loaded on the gel. Northern blots were hybridized with the Bcl-X and GAPDH probes. The band density ratio Bcl-X/ GAPDH was defined as 100 in Baf-3 cells stimulated with growth factors and the relative ratios were calculated from this cells induced by IL-3 was not significantly affected by similar doses of LY294002 ( Figure 3A and C). This could result from a lack of PI3-kinase inhibition by LY294002 in cells stimulated by IL-3. However, since LY294002 did inhibit both IGF-1 and IL-3 mediated induction of Bcl-X mRNA such an interpretation appears unlikely (Figure 2 ). These results indicate that IL-3 activates yet another survival pathway which is independent of PI3-kinase activation.
PI3-kinase is involved in IGF-1 but not IL-3 mediated inhibition of caspases activation or activity
To identify mechanisms involved in growth factor dependent rescue of Baf-3 cells we have investigated the regulation of caspases activity following IGF-1 or IL-3 readdition. We first determined which caspases are activated following IL-3 starvation. Fluorogenic tetrapeptides which allow detection of different sub-groups of caspases were used, DEVD-AMC which is recognized by caspase 3, 7 and 8, VEID-AMC by caspase 6 and 8 and WEHD-AMC by caspase 1, 4 and 5. 32 Cells were starved of IL-3 for different times and cell lysates were incubated with the fluorogenic caspase substrates. The percentage of apoptotic cells in the cultures was measured for each time point using propidium iodide exclusion. Data in Figure 4 show that following IL-3 starvation, there is a time-dependent increase in caspase activity resulting in the cleavage of DEVD-AMC or VEID-AMC. In contrast, no significant cleavage of WEHD-AMC could be detected 22 h after IL-3 removal ( Figure 4B ). The caspase activity present in the cell lysates was inhibited by the addition of the inhibitor DEVD-CHO (data not shown). Since caspase 6 is not inhibited by DEVD-CHO, these results indicate that the caspase activity includes caspase 3, 7 and 8. In Baf-3 cells, the maximum caspase activity is reached 9 ± 10 h following IL-3 starvation. At that time, approximately 70% of the cells can be rescued by growth factor readdition. As shown in Figure 4C addition of IL-3 or IGF-1 to growth factor deprived Baf-3 cells is accompanied by a decrease Inhibition of caspase activation is not sufficient to induce survival of Baf-3 cells in the absence of growth factors
In some experimental systems inhibition of caspases promotes cell survival. 9 In order to determine whether a similar effect could be detected in IL-3 starved Baf-3 cells, we have used the caspase inhibitor zVAD-fmk. This compound is a multispecific caspase inhibitor which completely inhibits the cleavage of DEVD-AMC in IL-3 starved Baf-3 cell lysates (data not shown). Results presented in Figure 5 show that zVAD-fmk added to Baf-3 cells starved of IL-3 for 9 h at concentrations of 500 and 1000 mM was able to inhibit apoptosis as measured by Role of PI3-K in apoptosis inhibition by growth factors Y Leverrier et al propidium iodide exclusion. In Baf-3 cells relatively high doses of zVAD-fmk are necessary to inhibit the apoptosis induced by IL-3 starvation. This inhibition was specific as zYVAD-fmk a caspase 1 inhibitor was not able to inhibit the apoptosis of Baf-3 cells at similar concentrations (data not shown). Moreover similar concentrations were necessary to inhibit the cleavage of PARP in Baf-3 cells following IL-3 removal. 33 However, in some systems caspase inhibition only delays the appearance of the apoptotic phenotype. 10 We therefore measured the ability of Baf-3 cells to form clones following different culture conditions. Cells were grown in the presence or absence of IL-3, with or without 600 mM zVAD-fmk. After 20 h cell viability was measured by propidium iodide exclusion and cells were cloned in the presence of IL-3 by limiting dilution. The cloning efficiency was measured 10 days later. Results presented in Table 1 show that after 20 h culture in the absence of IL-3, 16% of Baf-3 cells are viable and 70% of those are able to form clones when IL-3 is added back to the culture. This is comparable to the cloning efficiency obtained for control cells maintained in IL-3. In contrast when zVAD-fmk is present during the IL-3 starvation period, more than 70% of Baf-3 cells are apparently viable but, only 3.6% of these cells are capable of giving rise to a clone when IL-3 is added back to the culture. Overexpression of Bcl-X which is located upstream of caspases activation, leads to increased survival in the absence of growth factors since 80% of these cells retain their ability to form a clone. These results indicate that the irreversible commitment to cell death which follows IL-3 starvation in Baf-3 cells precedes the activation of caspases inhibited by zVAD-fmk.
Discussion
In this study we have shown that the regulation of Bcl-X by IL-3 or IGF-1 is dependent on the activation of PI3-kinase. Indeed, the increase in Bcl-X mRNA levels which is observed in Baf-3 cells following stimulation by IL-3 or IGF-1 is inhibited in the presence of compounds which block PI3-kinase activity. This enzyme has also been implicated in the induction of Bcl-X by IL-2 and CD28. 34, 35 The residual Bcl-X mRNA induction observed in the presence of PI3-kinase inhibitors involves MAP-kinase activation. Indeed, we have shown that inhibition of MAP-kinase activation also resulted in decreased Bcl-X mRNA induction. 29 Moreover, Bcl-X mRNA induction by IL-3 is abrogated when both PI3-kinase and MAP-kinase are inhibited. (Personal communication).
It has been shown that PI3-kinase activates AKT inducing the phosphorylation and the inactivation of the pro-apoptotic Bcl-X L regulator, Bad. 23 Hence, PI3-kinase would control Bcl-X not only at the transcriptional level but also at the post-translational level. We have previously shown that the upregulation of Bcl-X L is not necessary for the short term inhibition of apoptosis by IL-3 or IGF-1, indicating that post-transcriptional modifications of preexisting cellular proteins are sufficient for short-term survival. 29 In order to determine if the pathways downstream of PI3-kinase are solely responsible for these modifications, we have measured the impact of PI3-kinase on the survival induced by IL-3 or IGF-1. We have found that the inhibition of PI3-kinase results in decreased Baf-3 survival in response to IGF-1. This is in agreement with previous reports indicating that the activation of the PI3-kinase/AKT pathway is both necessary and sufficient for the induction of survival by IGF-1 in different cell types. 28, 30, 31 In contrast, survival induced by IL-3 was not significantly affected by the inhibition of PI3-kinase. This is not due to a lack of PI3-kinase inhibition since similar concentration of LY294002 induced a strong decrease in the level of Bcl-X mRNA in response to IGF-1 or IL-3. Baf-3 cells were cultured for 20 h with or without IL-3 in the presence or absence of zVAD-fmk 600 mM. Baf-3 cells overexpressing the bcl-X gene were grown for 20 h with or without IL-3. Moreover, in other hematopoietic cells, similar doses of LY294002 and wortmannin were shown to completely inhibit PI3-kinase activation 36, 37 and the phosphorylation of Bad induced by IL-3. 36 Hence, these results suggest that IL-3 but not IGF-1 activates a PI3-kinase independent pathway which is sufficient to inhibit apoptosis in Baf-3 cells. How IL-3 inhibits cell death in absence of PI3-kinase activation is not clear. However, it has been shown that IL-3 inhibits apoptosis via a PKC dependent pathway which could be responsible of Bcl-2 phosphorylation. 38 These results were confirmed by measuring the inhibition of caspases activation by IL-3 and IGF-1. Indeed, the inhibition of caspases activation by IGF-1 but not IL-3 was dependent on the activity of PI3-kinase.
Caspases activation is an early event in the apoptotic process. In most systems, caspases inhibition was shown to inhibit or delay the appearance of apoptotic cells. However, the long-term viability of cells has only been studied in some experimental systems. In some of these, caspases activation precedes the point of irreversible commitment to death and their inhibition leads to increased survival. This is the case for Fas induced apoptosis where inhibition of caspases with zVAD-fmk or zDEVD-fmk leads to increased survival. 9 Similar results have also been obtained in vivo using the viral caspases inhibitor p35. 39, 40 In contrast, in cells overexpressing cMyc, commitment to death following growth-factor starvation is independent of the caspases activities inhibited by zVAD-fmk. 10 In this study, we show that the addition of zVAD-fmk to IL-3 starved Baf-3 cells delays the onset of apoptosis as measured by propidium iodide incorporation. However, in contrast to cells rescued by IL-3, cells rescued by this caspases inhibitor are irreversibly committed to death. Indeed, only 3.6% of these cells were able to grow and form colonies following growth factor readdition while more than 70% of control cells were rescued by IL-3. Hence, in Baf-3 cells commitment to death is either independent of caspase activation or, alternatively some caspases which are activated following growth-factor starvation are not inhibited by zVAD-fmk. These would correspond to caspases with different substrate specificities as zVAD-fmk inhibits the cleavage of the three peptide substrates we have used (data not shown). Together these results suggest that the signal transduction pathways involved in the inhibition of apoptosis by IL-3 or IGF-1 act upstream of caspases activation.
Materials and Methods

Cell culture and reagents
The bone marrow derived IL-3 dependent Baf-3 cells 41 were maintained in DMEM containing 6% foetal calf serum (Boehringer Mannheim), 2 mM L-glutamine (Gibco BRL) and 5% WEHI 3B cellconditioned medium as a source of IL-3. Cells were grown at a density of 5610 4 to 5610 5 per ml. To remove IL-3, cells were washed twice in DMEM/FCS 6%. Baf-3 cells overexpressing Bcl-X clone (Baf-Bcl-X-4) have been described elsewhere. 42 Wortmannin (1 mM, Sigma), LY294002 (20 mM, Calbiochem) and zVAD-fmk (z-Val-Ala-DL-Asp-fluoromethylketone 100 mM, Bachem) were resuspended in DMSO (Sigma). Murine IL-3 and human IGF-1 were obtained from PeproTech. These growth factors are able to maintain viability in a concentration dependent fashion (Figure 1 ). For all experiments IL-3 and IGF-1 were used at a concentration giving maximal Baf-3 viability after 20 h in culture (i.e. 1 U/ml and 300 ng/ml respectively). This concentration of IGF-1 is comparable to the one used to protect against UV-B 31 or c-Myc induced apoptosis. 43 
Measurement of apoptosis
As in Baf-3 cells detection of apoptotic cells with propidium iodide, annexin V or DioC6 staining gives similar results (data not shown), apoptotic and dead cells were detected by propidium iodide staining. Cleavage of¯uorogenic substrate 2.5610 7 cells were washed in PBS and lysed for 15 min on ice in 1 ml lysis buffer (10 mM HEPES, pH 7.4, 250 mM sucrose, 2 mM EDTA, 0.1% CHAPS, 5 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 10 mg/ml pepstatin, 10 mg/ml leupeptin and 5 mg/ml aprotinin). Lysates were centrifuged at 12 0006g for 15 min at 48C and the supernatant was stored at 7208C. Caspase activity was measured by incubating 50 ml of supernatant with 50 ml of lysis buffer containing 400 mM DEVD-AMC or VEID-AMC or WEHD-AMC (Bachem) for 40 min at 378C. Cleavage of the caspase substrate was detected by using a Fluoroskan II (Labsystems) fluorimeter (emission at 460 nm, excitation at 355 nm).
Limiting dilution analysis
The cloning efficiency was determined by limiting dilution. 5610 5 cells treated for 20 h were diluted in medium containing IL-3. For each cell dilution, 48 wells were seeded with numbers of cells ranging from 10 3 to 0.1 cells/well. Ten days later, the number of wells containing a clone was scored. The cloning efficiency was calculated using the Poisson distribution.
